Straightbred Yorkshire ( Y ) conceptuses are larger than straightbred Meishan ( M ) conceptuses throughout gestation and at farrowing. In contrast, when Y and M conceptuses were gestated together in Y recipient females, the birth weight of M pigs was similar to that of their Y littermates. Even though placentae of M pigs remained markedly smaller than placentae of Y littermates, they were significantly more vascular. The objective of this study was to compare and contrast the changes in Y and M conceptus growth and placental-endometrial vascularity throughout late gestation in Y or M uteri. Gravid uteri were recovered at slaughter from M and Y females that were gestating either M or Y conceptuses on d 70, 90, or 110 of gestation. Uterine and conceptus measurements were recorded, and a section of the intact endometrial-placental attachment site for each conceptus was fixed, embedded, and later evaluated for placental and endometrial vascular density. Placental surface area and weight were greater ( P < .001) when M or Y conceptuses were recovered from Y uteri compared with M uteri on each day of gestation examined. Further, by d 110, the surface area of Y placentae was greater ( P < .001) than that of M placentae, regardless of uterine type in which they were gestated. The vascular density of M placentae and adjacent endometrium doubled ( P < .05) between d 70 and 110 of gestation (3.0 and 2.5 vs 6.0 and 5.1%, respectively), with no significant increase in placental surface area. In contrast, the surface area of Y placentae doubled in size ( P < .001) between d 90 and 110 of gestation, but placental and adjacent endometrial vascular density remained relatively constant, averaging 3.2 and 3.8%, respectively. These data are consistent with the premise that placental size is largely determined by the uterus in which a conceptus is gestated until approximately d 90. After d 90, fetal breed-specific mechanisms maintain optimal fetal growth. Between d 90 and term, M fetal growth depends on progressive increases in placental blood vessel density and requires no increase in placental size. In contrast, Y conceptuses seem to rely exclusively on placental growth to increase placentalendometrial surface area for nutrient exchange.
Introduction
Chinese Meishan pigs farrow 11 to 13 pigs per litter, compared with 7 to 9 pigs farrowed by U.S. and European pig breeds (Jin et al., 1992) , even though Meishans have the same ovulation rate (Bidanel et al., 1990 ) and uterine size (Lee et al., 1995) . In previous studies, Meishan conceptuses were smaller than conceptuses from European (Ashworth et al., 1990; Hunter et al., 1994) and American pig breeds (Ford and Youngs, 1993; Wilson et al., 1998b) throughout gestation and at farrowing; thus, each conceptus must occupy less of a relatively fixed uterine capacity. However, when cotransferred Meishan and Yorkshire embryos were gestated and farrowed by Yorkshire recipient females, all pigs had similar birth weights due exclusively to an increased growth rate of Meishan littermates. In contrast, Meishan placentae were smaller and much more vascular than the placentae of their Yorkshire littermates (Wilson et al., 1998b) . The decreased size and increased vascularity of Meishan placentae, compared with those of littermate Yorkshire placentae, may be an alternative strategy for facilitating adequate nutrient uptake during the last month of gestation.
Because pigs have diffuse-type placentae, nutrient uptake by pig conceptuses is generally considered to be dependent on placental size, which affects the surface area in contact with the endometrium (Friess et al., 1980; Dantzer, 1982; Leiser and Dantzer, 1988) . Apposition of the fetal membranes with the endometrium in pigs begins on d 13 to 14 of gestation. The chorioallantois interdigitates with macroscopic endometrial folds, along which microscopic folds (primary rugae) ultimately develop at the conceptusmaternal interface (Bjorkman and Dantzer, 1987) . Development of even smaller folds (secondary rugae) during the final third of gestation is presumed to facilitate the nutrient transport required to meet fetal demands at this time.
Therefore, our objective was to characterize and compare the impact(s) of Meishan and Yorkshire uterine environments and fetal genotypes on placental and fetal growth during late gestation.
Materials and Methods

Animals
Meishan and Yorkshire gilts were checked for estrus twice daily at 0800 and 1600. Donor gilts used for the reciprocal embryo transfer study were handmated to boars of their own breed at the onset of estrus ( d = 0 ) and again 12 h later, but recipient gilts were not mated. Yorkshire recipient gilts ( n = 6 ) received embryos only from Meishan donors, and Meishan recipient females ( n = 6 ) received embryos only from Yorkshire donors. An additional group of Meishan ( n = 6 ) and Yorkshire ( n = 6 ) females were hand-mated to boars of their respective breed and allowed to gestate their own conceptuses. Previous data from our laboratory did not reveal any differences in fetal or placental size or weight, whether gilts were naturally mated or received transferred embryos on d 2 (S. P. Ford, unpublished data).
Embryo Transfer
Embryos were collected via midventral laparotomy at 48 to 54 h after the onset of estrus as previously described (Youngs et al., 1994) , with the minor modification that Yorkshire gilts were initially sedated with thiopental sodium (i.v.; 9.6 mg/kg BW; Pentothal, Abbott Laboratories, North Chicago, IL). The embryos were surgically flushed from both oviducts of each donor female exactly as previously described (Youngs et al., 1994) . The number of embryos recovered was similar for Meishan (15.8 ± 1.3) and Yorkshire (15.6 ± 2.2) donor females. Onehalf of the embryos collected from each donor female were transferred surgically to each oviduct of a synchronous recipient gilt.
Gravid Uteri
Two females that represented each of the maternal × conceptus breed groups (Meishan females that carried either Meishan or Yorkshire conceptuses and Yorkshire females that carried either Yorkshire or Meishan conceptuses) were slaughtered on d 70, 90, or 110 of gestation. Gravid uteri were recovered immediately following slaughter and transported within 10 min to the laboratory for further processing.
At the laboratory, the mesometrial connection to each uterine horn was severed, and each uterine horn was dissected free of the cervix after ligating the base of the horn to prevent loss of fluid or conceptuses. Each intact uterine horn was weighed, and its volume was calculated by measuring the amount of water displaced after submersion in a calibrated container. The length of each intact horn was then determined by measuring along the antimesometrial border from the tip to the base of the horn. Chorioallantoic fluid was collected from each conceptus through an incision in the uterine wall on the antimesometrial border, and its volume was recorded. An aliquot of chorioallantoic fluid was immediately frozen on Dry Ice and stored at −20°C for later quantification of estradiol-17b (E 2 b; see Assay Methodology). The umbilical cord of each fetus was then double-ligated and tagged as to the horn and fetal position within the horn. The umbilical cord was then cut between the ligations so that each fetus and its placenta could be matched later. Each fetus was sexed and weighed, and its crown-rump length ( CRL) was measured.
Each uterine horn was then opened from the tip to the base along its antimesometrial border and allowed to lay out flat on a beeswax-paraffin dissecting board. A 2-× 3-cm section of each fetal-maternal interface (including myometrium, endometrium, and chorioallantoic membranes) located approximately 4 cm from the umbilical cord was collected, placed immediately in a tissue cassette (Tissue Tek, Miles, Elkhart, IN) , and fixed for later histological examination (see Assay Methodology).
After marking the endometrial location of both ends of each placenta with a dissecting pin, each placenta was separated from the endometrium so that the entire placenta was recovered intact. The length of each implantation site, as well as spaces at the tip and base of the horn and between adjacent implantation sites, were measured. Individual placentae were weighed, and the functional tissue length between the necrotic tips was measured. Each placenta was then spread out on wax ("butcher's") paper, and its perimeter was outlined with a marking pen. A planimeter (Compensating Polar Planimeter, Keufel and Esser Co., New York) was used later to determine each placenta's surface area. 
Assay Methodology
Estrogen. Estradiol-17b concentrations in chorioallantoic fluid were quantified exactly as previously described (Anderson et al., 1993) using the same fully characterized antibody. Assay sensitivity, determined by the amount of steroid that yielded 95% of the counts in the buffer control, was 2 pg/tube. To determine the inter-and intraassay CV, multiple aliquots of a pool of chorioallantoic fluid were included in all assays ( n = 12); the CV averaged 10.3 and 4.2%, respectively.
Histology. Uteroplacental tissues were fixed and embedded using procedures previously established in our laboratory (Wilson and Ford, 1997) with the exception that each sample was trimmed before the final rinse in 100% ethanol. Five-micrometer sections were cut perpendicular to the uteroplacental interface. Sections were then stained with the periodic acidSchiff's reagent method followed briefly with hematoxylin counterstaining (U.S. Armed Forces Institute of Pathology, 1960) for visualization of the area of contact between the endometrium and the chorioallantoic membranes.
Image Analysis. A single image of each of three separate microscopic fields located longitudinally along each of the chorioallantoic-endometrial contact areas of one section was televised onto a Sony color video monitor (Sony Electronics, New York) via a Sony Iris RBG color video camera mounted on a Leitz Orthoplan microscope (E. Leitz, Rockleigh, NJ). Primary rugae were located under low power ( Figure  1a ), and the field was then magnified (Figure 1b) to better visualize the secondary rugae at the fetalmaternal interface. The area occupied by the placental and endometrial tissues, the number of secondary rugae, and the line of demarcation between the chorionic epithelium and uterine luminal epithelium were traced onto acetate sheets, representing a tissue area of 1.6 × 1.4 mm. Even though all placental blood vessels were traced, only endometrial vessels that occupied the area between the endometrial glands and the convoluted line of demarcation between the placental and maternal membranes were drawn. This image (Figure 1b ; 125 ×) was evaluated with an image analysis system (Bioquant, Nashville, TN) for the percentage of placental vascular density (placental blood vessel area/placental area), the percentage of endometrial vascular density (endometrial blood vessel area/endometrial area), and the relative increase in the surface area of exchange resulting from the development of secondary rugae (the length of the convoluted line of demarcation/the length of the field).
Statistics
The GLM procedure of SAS (1985) was used for analysis of the main effects of uterine breed, fetal breed, and day of gestation and their interactions on uterine and fetal variables, and the relative surface area for exchange resulting from secondary rugae. Mean comparisons were performed using LSMEANS (SAS, 1985) with results presented as means ± SEM. Owing to missing values and heterogeneity of variance for placental and endometrial vascular density, effects of days within fetal breeds and fetal breeds within days were evaluated with the Wilcoxon signed ranks test (SAS, 1985) . When mean score and chi-squared distributions differed, Kruskal-Wallis multiple comparison tests were performed (Siegel and Castellan, 1988) .
Results
The number of viable conceptuses per female averaged 9.8 ± 1.0 and was unaffected by fetal breed, uterine breed, or day. Further, there was no apparent difference between the number of viable conceptuses in the uteri of embryo transfer recipients and that of naturally serviced females. Neither the number, sex, nor position of the conceptuses within a uterine horn affected fetal or placental weights or sizes. Additionally, neither the number, sex, nor position of conceptuses affected placental or endometrial vascular density.
Placental surface area and placental weight were markedly greater ( ≈35 and 40%, respectively; P < .001) when Meishan or Yorkshire conceptuses were recovered from Yorkshire uteri, compared with Meishan uteri, on each day of gestation examined. Additionally, Meishan and Yorkshire fetuses recovered from Yorkshire uteri were substantially (more than 20%) heavier than those from Meishan uteri on each day of gestation.
Fetal breed-specific changes in total placental surface area, placental weight, and placental length were also observed from d 70 to 110. Placental surface area remained relatively constant during the last third of gestation for Meishan conceptuses regardless of the uterine environment in which they gestated (Figure 2a ). In contrast, even though placental surface area of Yorkshire conceptuses remained fairly constant and similar to that of Meishan conceptuses from d 70 to 90 of gestation, a marked increase ( ≈40%; P < .001) in placental surface area was observed from d 90 to 110 for Yorkshire conceptuses (Figure 2a) , regardless of the uterine environment in which they were gestated. Correspondingly, Yorkshire placentae increased dramatically ( P < .001) in weight and length from d 70 to 110 of gestation (201 ± 13 g and 70 ± 3 cm vs 290 ± 15 g and 87 ± 2 cm, respectively). In contrast, neither Meishan placental weight nor placental length increased during the last 40 d of gestation, averaging 159 ± 10 g and 76 ± 3 cm, respectively. Placental surface area was correlated ( P < .001) with placental weight ( r = +.82) and length ( r = +.72) across all days regardless of fetal breed or uterine type in which gestation occurred.
The increases in Yorkshire placental surface area, weight, and length were reflected by a 40% increase in implantation site length, regardless of uterine type, from an average of 17 ± .7 cm on d 70 to 24.4 ± .6 cm on d 110 of gestation. However, there was a fetal breed × day interaction ( P < .001) because the implantation site length for Meishan conceptuses remained relatively constant during the last 40 d of gestation in either Meishan or Yorkshire uteri, averaging 20.9 ± .7 cm.
The vascular density of Meishan placentae increased ( P < .05) progressively from 3.0% on d 70 to 6.0% on d 110 of gestation and reached values that were more than twofold greater ( P < .05) than the vascular density exhibited by Yorkshire placentae on d 110 (2.8%; Figure 2b ). This increase in vascular density of Meishan placentae was achieved by increases ( P < .05) in the number and diameters of blood vessels. Similarly, the vascular density of Meishan and Yorkshire endometria in contact with Meishan placentae doubled between d 70 and 110 of gestation, averaging 2.5 ± 1.0% and 5.1 ± .7%, respectively. In contrast, the vascular density of Yorkshire placentae remained relatively unchanged from d 70 to 110, regardless of the uterine type in which conceptuses were gestated, averaging 3.2 ± .6% (Figure 2b) . Similarly, the vascular density of endometrium in contact with these Yorkshire placentae did not change ( P > .10) across the same days, averaging 3.8 ± .6%. There was no effect of fetal breed or uterine environment on the length of the demarcation line between the chorionic epithelium and uterine luminal epithelium per microscopic field. The length of the demarcation line increased ( P < .01) approximately 18% between d 70 and 90 (2.2 ± .1 to 2.6 ± .1), with an additional increase ( P < .01) of approximately 20% to 110 (3.1 ± .1).
Even though Meishan and Yorkshire fetuses increased in weight as gestation progressed, Yorkshire Figure 3 . Effect of conceptus genotype and uterine environment on placental efficiency (fetal weight:placental weight ratio). a,b,c Means ± SEM with different superscripts differ (P < .05; SEM = .23).
fetuses, regardless of uterine environment, tended ( P < .10) to weigh more than Meishan fetuses on each day of gestation examined (Table 1) . Further, the CRL was 16% greater ( P < .01) for Yorkshire than for Meishan fetuses on d 70 of gestation, and this difference in CRL length was maintained through d 110 (Table 1) . To evaluate breed differences in placental efficiency on d 110 of gestation, the weight of each fetus was divided by its placental weight ( Figure  3) . Meishan conceptuses exhibited a greater ( P < .01) fetal weight:placental weight ratio across both uterine environments than did Yorkshire conceptuses. Further, placental efficiency of Meishan conceptuses was markedly greater ( P < .01) when gestated in a Meishan uterus than when gestated in a Yorkshire uterus.
Total gravid uterine length (right uterine horn + left uterine horn) was similar ( P > .10) for Yorkshire and Meishan females and remained relatively constant from d 70 to 110, averaging 438 ± 25 cm, across all females. In contrast to uterine horn length, total gravid uterine horn volume and weight doubled from d 70 to 110 of gestation for Meishan and Yorkshire uteri (Table 2) . Additionally, total uterine horn weight and volume was nearly twofold greater ( P < .05) for Yorkshire than for Meishan females on d 70, 90, and 110 (Table 2 ). Meishan and Yorkshire gravid uterine weights were greater ( P < .05) when occupied by Yorkshire compared with Meishan conceptuses, which reflected the greater weight of Yorkshire fetuses and placentae.
An individual conceptus's chorioallantoic fluid volume and chorioallantoic E 2 b concentration were greater ( P < .05) when fluid was recovered from Yorkshire uteri than when recovered from Meishan uteri. Additionally, chorioallantoic fluid volumes declined ( P < .05) progressively from d 70 to 110 for conceptuses gestated in Yorkshire and Meishan uteri, regardless of fetal genotype (Table 3 ). In contrast, E 2 b concentrations in chorioallantoic fluid increased ( P < .05) progressively as gestation advanced for conceptuses gestated in Yorkshire and Meishan uteri (Table 3) . Even though concentrations of E 2 b were similar in chorioallantoic fluid on d 70 and 90 for conceptuses in Meishan and Yorkshire uteri, by d 110 conceptuses in Yorkshire, compared with Meishan, uteri had markedly greater values, averaging 16.9 and 9.5 ng/mL, respectively.
Discussion
In agreement with previously reported data (Wilson et al., 1998b) , these data suggest that, in pigs, placental size (i.e., surface area, length, and weight) is determined by the uterine environment up to d 90 of gestation, regardless of the fetal genotype. However, between d 90 and 110 of gestation, fetal demand for nutrient uptake and for waste removal increases rapidly. These demands may activate fetal breedspecific mechanisms to facilitate increased maternalfetal exchange.
Yorkshire conceptuses seem to respond to the exchange dilemma by dramatically increasing placental size (i.e., surface area, weight, and size) from d 90 (970 cm 2 ) to 110 (1,457 cm 2 ) with no change in the density of placental vasculature. These data are also in agreement with Wilson et al. (1998b) who observed a 75% increase in Yorkshire placental weight from d Table 2 . Total gravid Meishan and Yorkshire uterine horn (right uterine horn + left uterine horn) weight and volume on d 70, 90, and 110 of gestation a,b Means ± SEM within a column with different superscripts differ ( P < .05).
Day of gestation
Uterine horn weight, kg Uterine horn volume, L Meishan Yorkshire Meishan Yorkshire 70 6.4 ± 1.4 a 11.7 ± 4.1 a 5.9 ± 1.9 a 11.0 ± 4.0 a 90 9.7 ± 1.6 a 14.8 ± 1.5 a 8.9 ± 1.6 a 13.9 ± 1.6 a 110 13.9 ± 2.2 b 23.9 ± 4.0 b 12.6 ± 2.0 b 21.7 ± 3.5 b In contrast, Meishan conceptuses seem to enhance maternal-fetal exchange by nearly doubling the vascularity of their placentae between d 90 and 110 of gestation with no increase in placental surface area, regardless of the uterine type in which they were gestated. Wilson et al. (1998b) also found no increase in placental weight from d 90 to term for Meishan conceptuses gestated in Yorkshire recipient females; however, placental vascular density at term increased markedly.
These data suggest that, after d 90, Meishan conceptuses may initiate increased synthesis and secretion of soluble angiogenic factors to facilitate the vascularization of the placenta. Further evidence in support of this hypothesis is the observed doubling of vascular density in the endometrium of Meishan and Yorkshire uteri from d 90 to 110 when in contact with Meishan conceptuses. The idea that angiogenic factors may be produced by late-gestation Meishan placentae to facilitate maternal-placental exchange is in agreement with data of Millaway et al. (1989) for ewes. Those researchers reported that cotyledonary explants from ewes after d 120 of gestation secreted factors into the culture medium that stimulated endothelial cell proliferation. This is consistent with the observation that placentome weight in ewes does not increase during late gestation, but placentome vascularity continues to develop to term (Barcroft and Barron, 1946) .
The length of the implantation sites increased for Yorkshire conceptuses from d 70 to 110 but remained constant for Meishan conceptuses. Additionally, the implantation site length in Yorkshire uteri averaged more than 24 cm during the last 40 d of gestation, which exceeded the minimum 20-cm implantation site requirement for optimum fetal survival established by Knight et al. (1977) and Dziuk (1985) based on fetal growth and survival estimates in U.S. pig breeds. In contrast, implantation site length averaged 19 cm for conceptuses in Meishan uteri, regardless of fetal breed. This observed difference in implantation site length was reported to occur as early as d 30 of gestation, when an implantation site difference of 30% was reported by Lee et al. (1995) between straightbred conceptuses in the uteri of Large White (22.6 cm) or Meishan (15.4 cm) females.
Chorioallantoic fluid volume and E 2 b concentrations were greater for conceptuses gestated in Yorkshire uteri than for conceptuses gestated in Meishan uteri. These observations are consistent with previously published data that demonstrated a negative effect of the Meishan uterus on E 2 b content of Yorkshire and Meishan preimplantation conceptuses as early as d 12 of gestation (Youngs et al., 1994) . Additionally, Knight et al. (1977) observed a positive correlation between chorioallantoic fluid volume and estrogen concentrations at d 30 of gestation in pigs. Estrogens have been shown to increase the permeabil-ity of placental cells to water (Szego and Sloan, 1961) and alter electrolyte movement (Goldstein et al., 1976) and thereby enhance the accumulation of fluid within the chorioallantoic sac. Thus, an increase in chorioallantoic fluid volume may facilitate the expansion of chorioallantoic membranes into endometrial folds and expand placental surface area for nutrient and waste product exchange (Knight et al., 1977) .
Consistent with previous results (Pomerey, 1960; Wigmore and Strickland, 1985) , uterine horn length of Meishan and Yorkshire females was constant during the last third of gestation. In contrast, the weight and volume of gravid uteri for Meishan and Yorkshire females increased markedly between d 70 and 110 of gestation in the current study. These data combine to indicate that the substantial increase in uterine capacity during late gestation in pigs is probably due to an increase in uterine circumference. This increase in uterine horn circumference to accommodate fast-growing fetuses during late pregnancy may result from fluid distension, uterine growth, and(or) a thinning of the uterine wall.
The fact that Meishan conceptuses had a greater placental efficiency (fetal weight:placental weight ratio) when gestated in a Meishan uterus than when gestated in a Yorkshire uterus may result from their ability to increase placental and adjacent endometrial vascular density to compensate for their small placental size. In contrast, the placental efficiency of Yorkshire conceptuses remained relatively constant across uterine breed, which again suggests that placental size differences in this breed are reflected by similar differences in fetal weight. Recently we have observed consistent littermate differences of three-to fourfold in the fetal weight:placental weight ratio in our population of purebred Yorkshire gilts (Wilson et al., 1998a) . It is conceivable that the successful selection for increased litter size in Chinese Meishan pigs over as many as 7,000 yr (Yun, 1988 ) may have been due to an indirect selection for a smaller, more vascular placenta. By directly selecting pigs with the greatest placental efficiency, it may be possible for producers to make rapid progress in increasing litter size in U.S. pig breeds.
Implications
These data suggest that the size of a pig placenta by d 90 of gestation is dictated to a large extent by the uterus in which the conceptus is gestated. After d 90 of gestation, the increased nutrient influx required to support rapid fetal growth is achieved by 1 ) an increased placental vascular density, which is independent of placental growth, or 2 ) continued placental growth and, thus, surface area of placentalendometrial exchange. Thus, genetic differences in placental size and vascularity may affect litter size in U.S. or European pig breeds.
